We report on the modification of graphene oxide (GO) with polyvinylalcohol (PVA) leading to the mechanical improvement of GO based materials. First, GO was covalently functionalised with PVA by esterification of carboxylic groups on GO with hydroxyl groups of PVA resulting in functionalised f-(PVA)GO. This was carried out for PVA of six different molecular weights. This functionalised graphene oxide could be formed into a paper-like material by vacuum filtration.
INTRODUCTION
Graphene has generated intense excitement in recent years due to its remarkable properties [1, 2] . Of particular interest to materials scientists is the fact that graphene is the strongest and stiffest material known to man [3] . This immediately suggests that graphene sheets would be an ideal reinforcing agent for polymer composites as the reinforcement potential scales linearly with filler stiffness and strength [4] . In fact much work has already been done [5] [6] [7] showing that graphene and graphene oxide (GO) [8, 9] are potentially effective reinforcements [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, it has also been shown that the fracture of polymer-graphene composites is associated with failure of the polymer graphene interface [19] . Such failure occurs when the graphene flake length is shorter than the critical length [4, 20] . While this obviously means the flakes are smaller than would be ideal, it also means that the polymer graphene interfacial strength is lower than would be desirable. This is unfortunate, as once the flake length is below the critical length, the rate of increase of strength with graphene volume fraction is limited by the interfacial strength [19] . This suggests that interfacial engineering is an important route to improve the properties of graphene composites.
It is likely that both the stress transfer from polymer to graphene and the interfacial strength could be improved by functionalising graphene with polymer chains. So long as they are chemically similar, the grafted polymer chains will mix easily with the polymer matrix resulting in an improved interface. Chemically, such functionalisation is easier to achieve with graphene oxide that graphene as carboxylic acid groups present are good potential targets for chemical modification. To this end, 3 a number of groups have described covalent functionalisation of GO with polymer chains [21] [22] [23] [24] [25] [26] [27] .In some cases, this modification has resulted in very good reinforcement of polymers [23, 25, 26, 28, 29] . However, significant increases in strength at low filler content have not really been observed. The exception was one paper which reported increases in strength from  B =37 MPa to  B =63 MPa for a volume fraction of V f 0.05%. This is equivalent to d B /dV f 55 GPa, a significant fraction of the theoretical value of 130 GPa [3, 4, 19] .
We believe that it is worthwhile exploring polymer functionalisation of GO with the aim of improving the mechanical properties of GO based materials. For example, in composites compatibility with the polymer matrix, and interfacial stress transfer would be improved by functionalisation. We suggest that polyvinyl alcohol (PVA) is a good model polymer for this work as it is commonly used as a model matrix for nano-composite studies [30] [31] [32] . In this paper we first describe the functionalisation of graphene oxide with polyvinyl alcohol to give f-(PVA)GO. The functionalised graphene can be used to fabricate paper-like materials. We observe significant increase of mechanical properties of f-(PVA)GO papers compared to those prepared with GO or with simple mixtures of GO and PVA. Second, we describe the use of the functionalised f-(PVO)GO as a filler material to prepare composites of f-(PVA)GO in PVA. These composites were significantly stiffer and stronger than the pristine polymer.
EXPERIMENTAL PROCEDURE

Graphite oxide synthesis
Preparation of graphite oxide was carried out using a slightly modified Hummers method; graphite powder was oxidized using NaNO 3 , H 2 SO 4 and KMNO 4 in an ice bath [33] . The material obtained was centrifuged at 2000 rpm for 10 minutes. The supernatant, containing inorganic salts 4 was decanted, and the deposit washed several times with deionized water until the pH was neutral.
This sediment was dried overnight in a vacuum oven at 80°C.
Exfoliation of graphite oxide and functionalisation
Graphene oxide, GO, was covalently attached to polyvinyl alcohol by a carbodiimide esterification reaction (see Figure 1 ) [34] following the experimental conditions of Salavagione et.
al. with some modifications [27] . In a typical reaction, the graphite oxide (50 mg) was dispersed in 10 ml of dimethyl sulfoxide (DMSO) and sonicated for 24 hours in order to effectively exfoliate and disperse the graphite oxide. Next, N,N-dicyclohexylcarbodiimide (DCC) (100 mg, 0.48 mmol) and 4-dimethylaminopyridine (DMAP) (5 mg, 0.04 mmol) were added and the resulting mixture bath-sonicated for 4 hours. Polyvinyl alcohol was then covalently attached to the GO. This was carried for six different molecular weights between 6 to 500 kg/mol. For each molecular weight, a solution of polyvinyl alcohol (50 mg) in DMSO (10ml) was prepared and bath-sonicated until complete dissolution (30 to 5 120 min, depending on the molecular weight of PVA). Subsequently, both solutions were mixed, and the mixture bath-sonicated at room temperature for 2 days. The functionalised GO was precipitated by adding 40 ml of acetone to the mixture and the resulting solid filtered through a nylon membrane (0.45 µm), and washed with water (2L) in order to remove excess of PVA. The resulting functionalised GO material is referred to as f-(PVA)GO.
Paper-like materials preparation
Paper-like materials of GO, and of the six functionalised f-(PVA)GO materials were prepared as follows. In a typical procedure, 50 mg of the solid material were suspended in distilled water (500 mL), and the suspension bath-sonicated for 24 hours in order to obtain an aggregate-free dispersion. This low concentration dispersion was centrifuged at 500 rpm for 45 minutes to remove the largest aggregates, and the supernatant separated from the sediment. The supernatant was slowly filtered through a 0.45 µm polyester membrane, and the resulting paper-like material, peeled-off from the membrane, was dried at room temperature for 24 hours, followed by further thermal treatment at 60 o C during 24 hours. GO and f-(PVA)GO paper like materials, with an average thickness of 13 µm and 30 µm, respectively, were cut into 2.25 mm width strips for tensile testing measurements. In this way, six different f-(PVA)GO paper materials, using grafted PVA of different molecular weights (6, 18, 50, 78, 145 , and 500 kg/mol), were prepared. Additionally, paper-like materials from mixtures of non-functionalised GO and PVA, using PVA of two molecular weights (6, and 50 kg/mol) were fabricated under the same conditions. 2.4 PVA based composite preparation using functionalised f-(PVA)GO as filler
The functionalised f-(PVA)GO material obtained in the previous section was also used to prepare corresponding PVA-f-(PVA)GO composites. For these studies, the functionalised material with PVA of 50 kg/mol was used. With the purpose of maximizing reinforcement, a protocol of 6 several centrifugation steps was followed in order to separate the larger-sized functionalised f-(PVA)GO sheets from the smaller ones [19] . To achieve this, a suspension of f-(PVA)GO in distilled water (0.6 mg mL -1 ) was prepared by 2 hours bath-sonication. The obtained dispersion was left at room temperature overnight and then centrifuged at 500 rpm for 45 minutes remove any large graphitic material. The supernatant was separated and centrifuged at 1000 rpm for 45 minutes. In this scenario, the smaller f-(PVA)GO flakes would remain dispersed while the larger flakes would be found in the sediment [35] . This sediment, containing large flakes, and therefore more suitable to maximize reinforcement [19] , has been used to prepare composites of f-(PVA)GO in a PVA matrix.
A given amount of the sediment was added to a 5 mg•ml -1 PVA solution to prepare a set of composites at low mass fraction. For the matrix PVA, a molecular weight of 78 kg/mol was used, largely to facilitate comparison with other previously published data [19] . Additionally, to study the effect of flake size, composites were prepared using non-centrifuged supernatant f-(PVA)GO which 
Characterization
X-ray photoelectron spectroscopy (XPS) was performed on vacuum filtered films in a system equipped with a VG CLAM II electron analyzer and PSP twin anode source. Mg K (h=1253.6 eV) spectra were recorded at 10 eV pass energy and 2 mm slits, yielding an overall 7 energy resolution of 0.85 eV. Samples were introduced via a loadlock and measurement base pressure was better than 10 -9 mbar. TEM samples were prepared by pipetting 5 L of a dispersion in water onto holey carbon mesh grids (400 mesh) and allowing the solvent to evaporate under ambient conditions. Bright-field TEM images were taken with a Jeol 2100, operated at 200 kV.
Infrared spectra (4000-500 cm -1 ) were recorded on a Perkin-Elmer Spectrum One spectrophotometer. SEM analysis was carried out in a Hitachi S-4300 field emission SEM.
Mechanical testing was performed using a Zwick Roell tensile tester with 100 N load cell at a strain rate of 0.5 mm/mmin and 5 mm/min for paper-like materials, and PVA composites respectively.
Under these conditions, five stripes of each material were tested.
RESULTS AND DISCUSSION
Functionalised f-(PVA)GO materials
We initially characterized the functionalised GO material by transmission electron microscopy. Shown in figure ) and C-OH (288.5 eV, 2%). We note that while these results are broadly in line with previous reports [9, [36] [37] [38] [39] [40] [41] , some notable differences exist. Usually, relatively intense peaks for both C=O and C-O-C are observed. Here only one peak is observed which we cannot definitively assign to either of these groups. Our work shows the C(O)O peak to be weak, in line with most reports and consistent with the expectations that this group should be limited to flake edges. In addition, as with our results, many reports show the C-OH peak to be relatively weak.
However, at least one publicationshows the C-OH peak to almost as intense as the C-C peak [37] .
In any case, these results show the GO produced here to be relatively well oxidized in line with expectations.
FTIR analysis (Fig. 3 ) gave further evidence on the chemical oxidation of the graphite oxide surface, showing this spectrum the characteristic FTIR bands at 1570, 1715 and 3400 cm -1 , that can be assigned to C=C, C=O (carboxylic acid moieties) and O-H stretching vibrations [42] . In the FTIR spectra of the neat PVA and functionalised f-(PVA)GO materials (Fig.3) , the presence of an intense O-H stretching absorption between 3000 and 3500 cm −1 indicated the existence of strong intermolecular and intramolecular hydrogen bonding. The higher intensity and larger width of this band in the f-(PVA)GO spectrum suggested that these interactions are significantly stronger in the functionalised material. The absorption at 1720 cm −1 , corresponding to the stretching vibration of C=O ester groups formed between the carboxylic acid groups of GO and the alcohol groups of PVA, appears with higher intensity in the f-(PVA)GO spectrum, indicating on one hand that PVA has indeed been covalently attached to the GO (scheme 1), and on the other that hydrogen bonding between C=O and OH has been established, agreeing with the observed increase of the OH band.
The band at around 1100 cm -1 in PVA, corresponding to C-O stretching increased in intensity, and down-shifted by 32 cm -1 in the f-(PVA)GO material. Also this band became wider because of the appearance of new absorptions between 950 and 915 cm -1 . These were assigned to characteristic 10 bands of the carboxylic group, not present in neat PVA. Based on the spectral results, it is reasonable to conclude on an effective functionalisation of the GO by PVA. 
Physical properties of paper-like materials
It is of interest to study the effect of functionalisation on the resulting properties of macroscopic materials. For this reason, we prepared paper-like materials from f-(PVA)GO (with PVA of 6 different molecular weights) and compared their mechanical properties with paper-like materials prepared from GO, and from mixtures of non-functionalised GO and PVA (with 2 different molecular weights, 6 kg/mol, and 50 kg/mol).
SEM analysis of the fracture surfaces of the GO paper-like material ( Figure 4A ) showed that GO paper consisted of GO flakes well-aligned in the plane of the paper as observed previously [43] .
The majority of flakes appear to be above 1 µm in lateral size. However, the f-(PVA)GO paper-like material looks distinctly different ( Figure 4B shows the functionalised material with PVA of 145 11 kg/mol as an example). While the fracture surface also appears to be stratified, the flakes seemed much less well defined. This is exactly what it would be expected if they were covered with a polymer coating, and is consistent with the effective functionalisation achieved and proved by FTIR results previously discussed. Effective functionalisation and formation of a thin PVA layer around GO in f-(PVA)GO drastically impacts on the mechanical properties of the corresponding papers. Representative stress strain curves for these samples are shown in Figure 5A . It can immediately be seen that the curves of f-(PVA)GO paper-like materials differed significantly from that of the GO paper. We can summarize this data by focusing on the Young's modulus, Y, the tensile strength,  B , and the strain at break,  B , as shown in figure 5B-D. It is clear from this data that a simple mixing of GO with PVA has a negative effect on the modulus of the obtained paper, and results in no change of the 12 strength. In contrast, both, modulus and strength of the f-(PVA)GO paper-like material significantly increased in comparison with the GO paper. This is further evidence of the effective functionalisation of GO by PVA in the f-(PVA)GO papers. Otherwise, if the PVA and GO were only van der Waals bonded, one would expect to see mechanical performances similar to that of the simple GO and PVA mixtures. In contrast, the strain at break is similar for both, functionalised and mixed samples. In addition,  B increased on the introduction of the polymer. This indicates that while the presence of the polymer delays failure, the polymer does not need to be covalently bound to the GO. It may be that adsorbed polymer tends to form fibrils under strain connecting GO sheets and allowing the paper-like material to resist fracture to higher strains. The modulus and strength data described above suggested that covalent attachment of polymer chains to the GO increases both inter-flake stress transfer (as evidenced by the modulus increase) and inter-flake shear strength (as evidenced by the strength increase). It is of interest to consider the mechanism controlling this. It is likely that PVA chains of two adjacent f-(PVA)GO sheets, would interact with each other through entanglement. Indeed, since paper fabrication is carried out in liquid phase, enough solvent is present to provide the PVA chains sufficient mobility to facilitate this process. Entanglement should increase both inter-flake stress transfer and shear strength. The degree of increase would be expected to depend on the molecular weight of the grafted chains. Lower molecular weight means smaller radii of gyration of the polymer coils and so more chains per unit area of flake surface [44] . This should improve both stress transfer and shear strength. On the other hand, high molecular weight would mean a higher degree of entanglement [45] , again potentially resulting in improved stress transfer and shear strength. The trade-off between these two competing factors suggests that an optimum molecular weight may exist where the modulus and strength show maxima.
To test this, we prepared f-(PVA)GO paper-like materials for a range of PVA molecular weights (6 kg/mol to 500 kg/mol). We measured the mechanical properties of these papers with representative stress strain curves shown in figure 6A . Plotted in figure 6B -D are the modulus, strength and strain at break values extracted from the stress strain curves. In each case, the red data point at M w =0 represents GO. Although the modulus data was a little scattered, Y increased from ~ 5 GPa for GO to ~8 GPa for the 50 kg/mol sample before falling off again. More dramatic changes 14 were observed for the strength, which increased from ~25 MPa to ~125 MPa for the 150 kg/mol sample before falling off for the 500 kg/mol sample. These were much larger relative changes than found for GO paper which is cross linked by divalent ions for example [46] . Interestingly the strain at break also increased from ~0.5% for the GO buckypaper to a peak value of ~2% for the 150 kg/mol sample before falling off to ~1.5% for the 500 kg/mol sample. This behaviour is probably not surprising, as the presence of entangled strands from adjacent flakes would certainly delay failure. tensile strength and C) strain at break. 15 
PVA composites with f-(PVA)GO as filler material
Once it is known that the presence of covalently bonded PVA improves the inter-flake stress transfer and shear strength through processes such as chain entanglement, it becomes clear that interfacial stress transfer in polymer GO-PVA composites may be improved by the same mechanism. However, we note that flake size is very important for graphene-polymer composites with significant reinforcement only observed for large flakes [19, 47] . In fact, initially tests on composites of f-(PVA)GO in PVA using as-produced flakes showed no reinforcement. To address this, we used controlled centrifugation to remove smaller flakes and so increase the mean flake size [35] . We found that after size selection, the mean flake length and width were 3.0 and 1.7 m respectively.
We prepared composites of PVA filled with size selected flakes of both GO and f-(PVA)GO. Representative tensile stress-strain curves for a subset of f-(PVA)GO in PVA composites are shown in figure 7A . It is clear from these curves that addition of f-(PVA)GO increased both modulus and strength of these composites. Similar curves for GO filled composites showed no reinforcements. Shown in figure 7B are data for composite Young's modulus as a function of f-(PVA)GO volume fraction. The modulus increased linearly from ~2.5 GPa for PVA to ~4.5 GPa for the 0.24 vol% sample beyond which the modulus falls off. The rate of increase in the linear regime is dY/dV f =61060 GPa. Similarly, the strength increased from ~90 MPa for PVA to ~140 MPa for the 0.24 vol% sample before falling off. The slope of the linear region was d B /dV f =222 GPa. We note that these were significant increases and are competitive with the best published results for polymers filled with either GO or pristine graphene [7, 10, 17, 19] . For comparison purposes, the data for the GO filled composites are also shown, illustrating the lack of 16 reinforcement in this system. Shown in figure 7C is the strain at break as a function of filler content.
Here the filler has no significant impact on the material ductility. We can put these results in perspective by comparison with the literature. We have performed a (non-exhaustive) survey of the literature for mechanical reinforcement of polymers using graphene and related materials [10-19, 23, 25, 26, 28, 29] . We characterized the degree of reinforcement in two ways. Firstly, we considered the rate of increase in modulus and strength with 17 filler volume fraction; dY/dV f and d B /dV f . Obviously, good reinforcement is characterized by both of these parameters approaching their limiting values. These are determined by the mechanical properties of the filler; dY/dV f ≤Y G and d B /dV f ≤ G , where Y G and  G are the graphene flake modulus and strength respectively [4, 19] . The maximum values these parameters can reach are ~1100 GPa and ~130 GPa, respectively for pristine graphene [3] with graphene oxide displaying somewhat lower values [48] [49] [50] Shown in figure 8A is published data for dY/dV f plotted versus d B /dV f . It is clear that a large spread exists in the data. However, the results presented here are among the best reported. comparison. We have limited this graph to composites studied by tensile testing. In addition, in most cases, the rates of increase had to be estimated from the presented data. We assumed that polymer functionalised GO had a density similar to the matrix polymer. The theoretical maximum reinforcement is shown by the grey square. The dotted line represents ideal behaviour. B) Summery of increase in mechanical properties for graphene/polymer composites from the literature. The data consists of sets of two points joined by a line. In each case the lower data point represents the neat polymer. The upper data point represents the maximum reinforcement achieved. Note that one data set shows extremely good reinforcement. In this case the graphene volume fraction was 38% while for all other cases it was <6%. See table S1 for details of literature data.
For composites filled with aligned flakes with length above the critical length, the rate of increase in modulus and strength are given by composites. This is consistent with the graphene flakes being smaller than the critical value as observed previously [19] . This means that, for a given flake size, the composite strength is limited by the interfacial strength. While the GO-PVA composites described here are still to the left of the line, they are closer to the line than any other of the well performing materials. This illustrates that interfacial strength is reasonably good in these composites, validating the strategy to engineer the interface. 19 We can also assess reinforcement via the increase in modulus and strength from polymer to best performing composite. This data is presented here as pairs of points joined by a line. The lower point represents the polymer while the upper point represents the composite. It is clear from this data that the reinforcement observed here is consistent with that achieved by other researchers.
However, the properties of the best performing composite are among the best recorded, partly because the starting polymer has impressive mechanical properties.
Conclusions
In conclusion, we have demonstrated the effective functionalisation of graphene oxide sheets with polyvinyl alcohol. Functionalisation of GO with PVA allowed the preparation of vacuum filtered paper-like materials that were much stronger and stiffer than either those prepared from GO alone or simple mixtures of GO and PVA. We also found the mechanical properties of functionalised GO paper-like materials to depend strongly on the molecular weight of the attached polymer chains. The best performances are achieved for attached polymers with molecular weight between 50 and 150 kg/mol. Polymer functionalised GO flakes, f-(PVA)GO, were dispersed into polyvinylalcohol to form composites. Increases of approximate 60% in modulus and strength for f-(PVA)GO loadings below 0.3vol% were achieved. This is among the best reinforcement observed for graphene based filler materials. 
